Introduction
============

Dietary foods contain many types of components. Major and important components are nutrients essential to humans, including vitamins, fatty acids, amino acids, carbohydrates and minerals. Daily foods should contain all such essential nutrients and, additionally, sufficient calories to balance energy expenditure. Hence, daily amounts of essential nutrients (Dietary Reference Intakes) have been established in many countries including Japan.^([@B1])^ The other components in the dietary foods are functional food factors; they are not essential, but their daily consumption, in addition to satisfaction of the Dietary Reference Intakes, is recognized to maintain homeostasis and exert several health benefits, for example, antioxidant, anti-inflammatory, anti-obesity, and anti-cancer actions.^([@B2])^

In the past few decades, many types of functional factors have been identified in dietary foods.^([@B2],[@B3])^ However, their absorption rates are usually low, and many of these are difficult to be absorbed in the intact forms because of metabolization by biological processes before absorption. For example, flavonoid glycosides, which are widely distributed in the plant kingdom,^([@B4])^ are well known to be absorbed after some modifications. Briefly, once consumed, flavonoid glycosides are usually hydrolyzed into the aglycone form by mucosal and bacterial enzymes in the digestive tract, and are subsequently metabolized into glucuronidated and sulfated derivatives via phase II reactions.^([@B5])^ Additionally, the absorption ratio of flavonoid glycosides is reported to be low; around 1% of the consumption.^([@B6],[@B7])^ To gain adequate beneficial effects, it is therefore mandatory to know whether functional food factors are absorbed in sufficient quantity, and then reach target organs while maintaining beneficial effects. These are the reason why the bioavailability of functional food factors has been well investigated using animal models.^([@B7]--[@B10])^

Interestingly, recent studies have suggested that many of the biological processes in human displays an endogenous oscillation of about 24 h (circadian rhythm), which is converted to accurate 24 h diurnal rhythms by resetting the clock genes with light exposure and/or food consumption at morning (see the following section for further details). These biological processes include several parameters concerning in the absorption and metabolism of essential nutrients and drugs, and also the toxicity of environmental chemicals. Hence, beneficial and toxicological effects of many essential nutrients, drugs and environmental chemicals are reported to be largely different according to consumption, administration and exposure time, respectively.^([@B11]--[@B15])^ Transporter-mediated glucose uptake was greater at active phase compared with the inactive phase in rat duodenum.^([@B13])^ Moreover, the frequencies of the micronucleated peripheral reticulocytes in the bone marrow from mice exposed to *N*-ethyl-*N*-nitrosourea at active phase were significantly higher than those in mice treated at inactive phase, indicating that genotoxic sensitivity to chemicals is different between active and inactive phases.^([@B15])^ This recent information shows the importance of knowing when to consume, administrate and expose target compounds, in addition to the amounts of these factors. However, many animal studies performed to evaluate the bioavailability of functional food factors have not taken into consideration the timing of consumption. In this review, we provide a perspective overview of the diurnal rhythm of biological processes involved in the bioavailability of functional food factors, particularly flavonoids. Furthermore, the recent research topics involving several food factors that can affect circadian rhythm are focused.

Oscillation of Clock-Related Genes
==================================

Circadian rhythms are produced by a complex transcriptional-translational feedback loop, which revolves about a 24 h cycle.^([@B16],[@B17])^ As shown in Fig. [1](#F1){ref-type="fig"}, the transcriptional regulators, circadian locomotor output cycles kaput (CLOCK) and brain and muscle ARNT-like protein 1 (BMAL1), form a heterodimer. The CLOCK/BMAL1 heterodimer is a positive regulator, and activates expression of genes with E-box in the promoter regions. These are generally called "clock-controlled genes (CCGs)", and encode essential regulators of hormonal and metabolic pathway. Period (*Per*) mRNA and Cryptochrome (*Cry*) mRNA are major CCGs. The individual proteins, PER and CRY, make a complex (PER/CRY) that suppresses the transcription of its own genes by blocking the activity of CLOCK/BMAL1 heterodimer (negative feedback). Additionally, CLOCK/BMAL1 activates nuclear receptor subfamily 1, group D, member 1 (*Rev-erb*α) and RAR-related orphan receptor α (*Ror*α), which regulate CLOCK and BMAL1 production via ROR responsive elements (RORE) in their promoters. This negative feedback loop revolves about a 24 h cycle, thereby resulting in free-run circadian rhythms, although these circadian rhythms are converted to accurate 24 h diurnal rhythms by resetting these clock genes with light exposure and/or food consumption at morning (around active phase).

The diurnal gene expression profiles consisted of the negative feedback loop; *Clock*, *Bmal1*, *Per1*, *Per2*, and *Cry1* on duodenum mucosa in mice were determined (Fig. [2](#F2){ref-type="fig"}A). The samples were collected at 6 h intervals at 5 times from male C57BL/6 mice housed under a 12 h light/12 h dark cycle. These gene expressions suggested diurnal expression patterns; maximum expressions of *Bmal1* and *Clock* were located around the beginning of the light period, and *Per1*, *Per2* and *Cry* were around the beginning of the dark period, as similar results have been reported by other research groups.^([@B18]--[@B20])^ Mice and rats are nocturnal animals and, hence, their active and inactive phases are in the dark period and light period, respectively. The diurnal rhythms observed in the clock genes and CCGs expressions in human and rodents suggest similar patterns,^([@B21])^ although humans are usually diurnal, indicating biological rhythmicity is equiphase according to the active/inactive phases in both mammalian species.

Oscillation of CCGs Involved in Bioavailability of Nutrients in Mice Intestine
==============================================================================

The diurnal gene expression profiles in mice duodenum mucosa related to xenobiotic transporter P-glycoprotein, multidrug resistance 1α (*Mdr1*α) and regulation of absorption, main hexose transporters sodium-glucose co-transporter 1 (*Sglt1*) and glucose transporter 5 (*Glut5*), and peptide transporter proton-coupled oligopeptide transporter 1 (*Pept1*) were further determined (Fig. [2](#F2){ref-type="fig"}B and C). Expression of all genes exhibited diurnal rhythmicity with peak expression preceding the end of the light period, before nutrient arrival, similarly to major CCGs, *Per1*, *Per2* and *Cry1*. These diurnal rhythmicity of genes involved in the bioavailability of nutrients in the peripheral organs are reported to be shifted by restricted feeding in the light period, but weak effects on restricted feeding in the dark period,^([@B22])^ indicating that the CCGs in the peripheral organs might be reset accurately to a 24 h diurnal rhythm mainly by consumption of foods before the active phase, breakfast in case of humans. Interestingly, Hirao and colleagues^([@B23])^ reported that balanced diets containing carbohydrates/sugars and proteins are good for restricted feeding-induced entrainment of the peripheral circadian clock, but these effect was weak when consuming sugar alone. They also suggested that the standard diet, for example AIN-93M formula, might be the suitable balanced diet for entrainment on mice. Rodents under *ad libitum* usually consume the diet on the beginning of dark period (active phase).^([@B24]--[@B27])^ Therefore, the studies considering the diurnal rhythmicity of biological processes might be able to be performed by using nocturnal rodents with standard balanced diets such as AIN-93M *ad libitum*, and these results will be possible to extrapolate the human events.

Diurnal Profiles of Biological Events, Parameters in Blood, Liver and Intestine, and Hepatic and Intestinal Expression of Genes Involved in Bioavailability of Functional Food Factors
======================================================================================================================================================================================

Table [1](#T1){ref-type="table"} summarizes the recent knowledge of diurnal profiles of major biological events, parameters in blood, liver and intestine, and hepatic and intestinal expression of genes involved in the bioavailability of functional food factors, particularly dietary flavonoids, in rodents. As described above, intestinal mRNA expression, such as hexose transporters, peptide transporter, and xenobiotic transporter, exerts diurnal rhythms. Additionally, the mRNA levels involved in fat absorption; microsomal triglyceride transfer protein (*Mtp*) and apical sodium-dependent bile acid transporter (*Asbt*), also exert diurnal rhythms in a similar cycle.^([@B18],[@B36],[@B44])^ Levels of intestinal proteins, such as SGLT1, PEPT1, MTP and P-glycoprotein, and the enzymatic activities of maltase, sucrose and MTP transfer exert diurnal patterns, with the maximum reached around the beginning of the dark period.^([@B18],[@B36],[@B49],[@B50])^ Concomitantly, uptake levels of not only nutrients, such as glucose and dipeptide, but also drugs, such as the antibiotic ceftibuten and cardiac digoxin, are different depending on the administration period. Glucose and peptide uptakes are basically higher at the dark period (active phase) than the light period (inactive phase).^([@B14],[@B63],[@B64])^ Additionally, diurnal variation in the intestinal accumulation of digoxin, a typical substrate of MDR1A, is reported by using mice intestinal *ex vivo* experiments.^([@B50])^ According to that study, the diurnal accumulation of digoxin in intestine is nearly anti-phase to the rhythmicity of P-glycoprotein expression and *Mdr1a* gene expression. These results imply that the uptake and efflux of nutrients and drugs exert the administrating time-dependent differences, because the biological processes, such as SGLT1 and MDR, have diurnal rhythmicity.

Although available data about the relations between the bioavailability of functional food factors and the timing of consumption have been limited yet, some studies suggest that the diurnal changes of biological process might be involved in the bioavailability. Gastric emptying time is an important factor affecting the absorption of functional food factors. When bilberry anthocyanins, which are the major flavonoids mainly in berry fruits,^([@B65])^ were orally administered to C57BL/6 mice during the light or dark periods with same amounts, the gastric emptying time of anthocyanins was significantly faster upon administration at the dark period (active phase) than that of the light period (inactive phase) (Fig. [3](#F3){ref-type="fig"}). As described above, many types of functional food factors, particularly flavonoids are absorbed after some modifications, such as hydrolysis and conjugation, but not in intact forms. Gene expressions of many types of regulators involved in the metabolism of flavonoids follow a diurnal rhythm in rodents. As shown in Table [1](#T1){ref-type="table"}, hepatic gene expression of sulfotransferases (*Sult1a1*, *Sult1d1*) and UDP-glucuronosyltransferase (*Ugt1a1*) are maximal around the change to the dark period.^([@B54])^ The other pathways related to lipid and glucose metabolism also follow diurnal rhythms, including fatty acid synthase (*Fasn*), cytochrome P450 7a1 (*Cyp7a1*) and HMG-CoA reductase (*Hmgcr*) in the liver, and apolipoprotein (*ApoB* and *ApoAIV*) and diglyceride acyltransferase (*Dgat1* and *Dgat2*) in the small intestine.^([@B18],[@B36],[@B38],[@B44],[@B52],[@B57])^ These biological parameters are usually employed as the targets in order to evaluate the effects of functional food factors. Interestingly, the endogenous antioxidant system, such as superoxide dismutase (SOD) activity, is more active during the light period than the dark period in rodents.^([@B40])^ Body temperature is another factor affecting enzymatic activities. Although all of mammals are homeothermic animals, body temperature has a diurnal rhythm; around 1.5°C higher during the middle of the dark period than during the middle of the light period in mice.^([@B29])^ This difference might induce the stimulation of some enzymatic activities during the dark period.

Effects of Functional Food Factors on Circadian Rhythms
=======================================================

Recently, some functional food factors have been reported to affect directly circadian rhythms. Oike and colleagues ^([@B66])^ reported that caffeine consumption *ad libitum* for a week lengthened the circadian locomotor rhythm in mice. Retinoic acid was suggested to significantly upregulate *Per1*, *Per2*, and peroxisome proliferator-activated receptor α (*Ppar*α) expression in an E-box-dependent manner using mouse NIH3T3 cells.^([@B67])^ Another food factor, resveratrol, a grape polyphenol, was found to upregulate expression of *Bmal1*, *Per1* and *Per2* mRNA in Rat-1 fibroblast cells.^([@B68])^ These results suggest that several functional food factors affect the negative feedback loop shown in Fig. [1](#F1){ref-type="fig"}, and consequently might change the bioavailability of themselves and/or other food factors consumed together via controlling of diurnal biological processes in the peripheral organs. The CCGs in the peripheral organs are recognized to be reset accurately to a 24 h diurnal rhythm mainly by consumption of foods, which are balanced diet, but not single ingredient, before the active phase as described above.^([@B23])^ Furthermore, feeding stimulus for 30 min significantly induces the expression of *Per2* and *Dec 1* within 1 h, and alter the transcript levels and circadian phases of other clock genes (*Bmal1*, *Cry1*, *Per1*, and *Rev-erbα*) in the liver at longer time intervals in rats.^([@B69])^ By contrast, effects of balanced diet and functional food factors on the circadian rhythmicity remains poorly understood at human.

Conclusion
==========

Many biological processes involved in absorption and metabolism of functional food factors follow the diurnal rhythm. Additionally, some functional food factors are suggested to affect directly the rhythms. Hence, the evaluation of the bioavailability of functional food factors should take into consideration the timing of consumption.
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![The negative feedback loop responsible for circadian rhythm.](jcbn12-127f01){#F1}

![Diurnal gene expression profiles of clock genes related to the negative feedback loop, xenobiotic transporter, regulation of absorption in duodenum mucosa in mice. Male C57BL/6 mice (4 weeks old) were acclimatized for 4 weeks in the animal-care room, which was controlled at 23 ± 1°C and 60% humidity under a 12 h light/12 h dark cycle with *ad libitum* food consumption. Mice were anesthetized with ether at ZT0, 6, 12, 18, and 24 (0). "ZT" is an abbreviation of Zeitgeber time, with "ZT0" indicating the period when the light came on. Thus, the light period was from ZT0 to ZT12, and the dark period was from ZT12 to ZT24 (0). The duodenum (5 cm length from the stomach) was removed and the mucosa harvested. Total RNA was extracted and individual gene expression analyzed using quantitative real time reverse transcriptase polymerase chain reaction (qRT-PCR, PRISM7000, Applied Biosystems, Foster City, CA) according to our previous methods.^([@B70])^ All primers used in this study were obtained from Applied Biosystems. (A) main clock pathway: *Bmal1* (Assay ID, Mm00500226_m1), *Clock* (Mm_00455950_m1), *Per1* (Mm_00501813_m1), *Per2* (Mm_00478113_m1), *Cry1* (Mm_00514392_m1); (B) xenobiotic transporter P-glycoprotein: *Mdr1a* (Mm_00440761_m1); and (C) regulation of absorption: *Sglt1* (Mm_00451203_m1), *Glut5* (Mm\_ 00900311_m1), *Pept1* (Mm_00453524_m1). This experiment was performed in accordance with the guidelines of the University of Shizuoka, Japan, for the Care and Use of Laboratory Animals, based on those of the American Association for Laboratory Animal Science. Individual abbreviations are summarized at the legends of Table [1](#T1){ref-type="table"}. Mean bottom values are set at 1.0, and each data point indicates the mean ±  SE (*n* = 5). The open bar at the bottoms indicates the light period (inactive phase), and the closed bar the dark period (active phase).](jcbn12-127f02){#F2}

![Effects of administration period on gastric emptying time after oral administration of bilberry anthocyanin in mice. Male C57BL/6 mice (6 weeks old) were acclimatized for 2 weeks in the animal-care room with free access to tap water and purified diet. After 12 h of fasting, bilberry extracts obtained from Wakasa Seikatsu Co. Ltd., (Kyoto, Japan) were orally administrated in amounts of 100 mg/kg body weight at ZT0 or ZT12. Animals were anesthetized with ether at individual time points, and the gastrointestinal tract was dissected into stomach and ileum (5 cm length from the blind gut). Tissue specimens were immersed immediately into 5 ml of 10% ice-cold citric acid, and then thoroughly dissected. After mixing at 2,500 rpm for 5 min, the sample solution was centrifuged at 3,000 rpm for 10 min, and 1.5 ml of the supernatant was evaporated to dryness using a centrifugal concentrator. The residue was dissolved in 300 µL of methanol containing 0.5% trifluoroacetic acid and was subjected to high performance liquid chromatography analysis according to our previous method.^([@B7])^ This experiment was performed in accordance with the guidelines of the University of Shizuoka, Japan, for the Care and Use of Laboratory Animals, based on those of the American Association for Laboratory Animal Science. Data indicate mean ± SD (*n* = 5) of total anthocyanins in the stomach (A) and ileum (B) at individual time points. The open bar indicates the administration at ZT0, and the closed bar was at ZT12. \*Significant differences vs same time point after the treatment at ZT0 (*p*\<0.05, Fisher-PLSD analysis). B, before the treatment at ZT0 or ZT12; ud, under the detection limits.](jcbn12-127f03){#F3}
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Diurnal profiles of physiological events, parameters in blood, liver and intestine, and hepatic and intestinal expression of genes involved in bioavailability of functional food factors

![](jcbn12-127t01)

Each column represents a circadian time point. Numbers at the top depict the time of day, and the bar represents the light phase (white) or dark phase (black). Peak activity and expression for each parameter is represented by the darkest region (■), middle activity and expression indicated by the gray region (![](jcbn12-127t01-1.jpg)), and lowest activity and expression indicated by the lightest region (□), summarizing with the indicated cited references (^†^ indicating results suggested in this manuscript).

Abbreviations are: Acat, acyl-CoA cholesterol acyltransferase; Apo, apolipoprotein; Asbt, apical sodium-dependent bile acid transporter; Bmal1, brain and muscle arnt-like protein 1; Bsep, bile salt export pump; Clock, circadian locomotor output cycles kaput; Cpt1a, carnitine palmitoyltransferase 1a; Cry, cryptochrome; Cyp, cytochrome P450; Dbp, albmin D-element-binding protein; Dgat, diglyceride acyltransferase; Fasn, fatty acid synthase; G6pase, glucose 6-phosphatase; G6pt, glucose 6-phosphate transporter; Glut, glucose transporter; HMG-CoA reductase (Hmgcr), hydroxymethylglutaryl-CoA reductase; Ldlr, low density lipoprotein receptor; Mdr, multi-drug resistance; Mrp, multidrug-resistant protein; Mtp, microsomal triglyceride transfer protein; PAI-1, plasminogen activator inhibitor-1; PDHC, pyruvate dehydrogenase complex; Pdk4, pyruvate dehydrogenase kinase 4; Pepck1, phosphoenolpyruvate carboxykinase; Pept1,proton-coupled oligopeptide transporter 1; Per, period; Rorα, retinoic acid receptor-related orphan receptor α; REM, rapid eye movement; Rev-erbα, nuclear receptor subfamily 1, group D, member 1; Rxrα, retinoic X receptor α; Sglt1, sodium-glucose co-transporter 1; SOD, superoxide dismutase; Sult, sulfotransferase; TBARS, thiobarbituric acid reactive substances; T-MAS, testicular meiosis-activating sterol; Ugt, UDP-glucuronosyltransferase.
